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The use of soft magnetic composites (SMCs) provides electromagnetic device designers with serious challenges. While such materials
have the potential ofallowing novel3-D topologiesto be used, as well as providing major advantagesin recycling at theend of the lifetime
of the device, little or no design experience exists in this area. This paper proposes the use of sensitivity based topology optimization as
a methodology for assisting designers in this task.
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I. INTRODUCTION
T
HE development of new materials, particularly powdered
magneticsteels,andimprovedpermanentmagnetshasthe
potential of changing the design of electrical machines. These
materials are likely to become more common in the foreseeable
future as designers are required to consider the entire life cycle
of a machine from manufacture to recycling.
Composite materials offer a range of properties which will
have a considerable impact on electromagnetic device design.
For example, most electrical machines up to now have been
pseudo-two-dimensional in their structure, i.e., they have been
constructed from laminated materials which, naturally, force
a translational structure on the permeable components. The
need for laminations is imposed by the requirement to reduce
eddy currents which may be induced when the material is
subjected to time-varying magnetic ﬁelds. Composite mate-
rials, constructed from insulated permeable particles, naturally
restrict the eddy currents in all directions and this removes the
translational constraint. Moreover, manufacturing processes for
a device are nearer to those for injection moulded structures
than traditional laminated core assemblies.
Themajordrawbackofsuchmaterialsisseentobetheir(rela-
tively) low permeabilities when compared to conventional mag-
neticsteels,whichresultsinmorematerialbeingneededtocarry
therequiredﬂuxesinthedevice.Thisproblemmightbecounter-
balanced by making use of truly 3-D structures; however, little
experience exists in creating these.
The goal of this paper is to describe the application of a sen-
sitivity-based topology design process for these devices
II. SENSITIVITY-BASED TOPOLOGY DESIGN
To deal efﬁciently with topological optimization of magne-
tostatic problems in three dimensions, a new algorithm for the
sensitivity-based topology design is introduced.
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Fig. 1. Design domain after cutting a small hole. (a) A domain ￿ ￿ ￿￿￿￿ ￿￿.
(b) An enlarged hole.
A. Deﬁnition of the Topological Gradient
The topological gradient (TG) gives information on the
opportunity to create a small hole with radius , cen-
tered at , belonging to the design domain (as in Fig. 1)
(1)
where is the objective function, is the domain
with the hole and is the area difference of the
domain after and before the small hole is present [1], [2]. As
seen in (1), the deﬁnition of TG is quite different from that
of the material sensitivity used commonly in the electromag-
netic topology optimization, where the derivative of the objec-
tivefunction with respect to the inﬁnitesimal change of material
properties is sought out [3]–[5].
B. Link With the Classical Shape Optimization
In order to establish a link between the TG and the classical
shape sensitivity, let us ﬁrst compute the derivative of a scalar
function expressed in terms of and
(2)
To achieve this, we consider a small perturbation Fig. 1 which
keeps the outer boundary of the domain invariant (design ve-
locity on ) but increases the radius of the hole
( on ). In this case, the classical shape sensitivity
of (2), i.e., , can be expressed in terms of the magnetic ﬁelds
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while the adjoint ﬁelds may be based on the shape gradient in-
formation presented in [6]
(3)
where is the magnetic vector potential, the adjoint variable,
themagnetic reluctivityand thesubscripts, 1and 2, denote the
correspondingregions and ,respectively.Theadjoint
variablemaybeeasily obtainedaftertheadjointsystem, a coun-
terpart to the primary system, is constructed and solved—as de-
scribed in [6]—by adopting the continuum design sensitivity
analysis (CDSA) approach. Using a local expansion of and
distributed along the circumference, [1], (3) is approximated
at the center of the hole as
(4)
Finally, the difference in the objective function after and be-
fore cutting the hole is obtained as
(5)
Thus, comparing (5) with (1), it is deduced that the TG is given
by , where the natural extension of
the shape gradient is . Hence, the topological
and the shape gradients differ by a factor 2.
C. Optimization Algorithm
In this paper, the ON/OFF method based on TG values is ap-
plied in order to obtain an actual topology in three dimensions
within an acceptable computing time. Assuming a volume con-
straint imposed on the optimization problem, the proposed al-
gorithm involves the following steps:
1) deﬁne an objective function and a volume constraint;
2) divide the initial domain into layers, each consisting of
design cells, and set the iteration number to be 0 so that
each cell is ﬁlled with a material;
3) solve the primary and adjoint systems;
4) compute the topological gradient at the middle
points of the cells in each layer, where the TG value is
calculated on a plane including all the points;
5) sort the cells by their respective value of TG; the lowest
cells are then removed using a certain volume ratio that is
typicallytakenasbeingbetween3%and5%ofthematerial
volume at each iteration;
6) check the volume constraint and go to Step 2)
if unsatisfactory.
In practice, the proposed method needs only a few iterations
as it does not require intermediate material states, nor any
penalty functions for a material or an objective function used.
III. MATERIAL CURVES
Fig. 2 shows typical magnetization curves for laminated steel
and for a soft material composite [7].
Fig. 2. Magnetization curves of a laminated material and an SMC.
As may be seen, the initial permeability of the composite is
much lower than that of a conventional magnetic steel and this
meansthatmorematerialisgoingtobeneededtocarrythesame
ﬂux. At the “knee” point in the laminated material, the
neededisabout400A/m,whereasatthispointtheﬂuxdensityin
thecompositeisonlyabout25%ofthatinlaminatedsteel.How-
ever,asthe increasesandthelaminatedmaterialispushed
into saturation, this ratio changes rapidly. This would suggest
that, to achieve the same performance, a composite based elec-
trical machine may need signiﬁcantly higher currents or larger
windings as well as extra material. Similar ﬁndings have been
reported before and it is often argued that SMC materials are
relatively more suited for machines with low demand in terms
of permeability, for example permanent magnet, dc, and syn-
chronous machines, whereas it is more difﬁcult to achieve good
resultsifhighpermeabilityisdemanded,sayininduction,reluc-
tance and stepping motors. However, the purpose of this paper
is not to provide a comparative analysisof performance of SMC
machines against laminated-core equivalents, but to discuss the
special features of the design process based on topology and
shape optimization when composite materials are used.
IV. TEST PROBLEM
Comparing the performance of two possible designs, one
made from a conventional laminated material and the other
using SMC, is difﬁcult and depends on the comparison criteria
speciﬁed. The problem chosen for this example was the spider
(or pole piece) of the stator in an exterior rotor BLDC as shown
in Fig. 3.
A crucial issue in this type of machine is that of cogging
torque and so it was decided to make this the target of the op-
timal design. Additionally, many of these machines have a re-
stricted size and so a constraint was added to the system such
that the material volume of the laminated and composite stators
should be the same. In hindsight, this was probably not a good
constraint since, as mentioned above, it should be expected that
more material would be needed in the composite case because
of the low ﬂuxes in the machine.
Thus, the following speciﬁcations were assumed:
• SMC and laminated cores to have the same total volume;
• the spider to be symmetrical with respect to the pole center
line.
The rotor contained 8 permanent magnets and the stator had
12 salient poles. The magnet outer radius was set to 15.3 mm,
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Fig. 3. One quarter model of a laminated spider stator.
Fig. 4. Initial design domain.
the statortooth depth to 2.5 mm, and the magnetand yoke depth
was 3.8 mm.
The goal of the design was to optimize the stator pole shape
to reduce the cogging torque and hence the objective function
was speciﬁed as
(6)
where is the co-energy at the th position and is a con-
stant co-energy regardless of position. By minimizing (6), the
energy variation becomes small at every rotor position and thus
a minimum cogging torque proﬁle is obtained.
A 3-D optimization was implemented based on CDSA and
spline parameterization and the pole was set to be 2.5 mm long.
The initial design domain is shown in Fig. 4 and consists of
8 layers of design “cells,” each having 381 cells for a total of
3048 cells per pole. The initial volume of the domain is set to
be58.4%greaterthantheoptimalvolumeforthelaminatedsteel
solution.
The shape and topology optimization processes were imple-
mented in MagNet [8].
The results for the laminated-core case are given in Fig. 5
demonstrating the improvement in cogging torque after shape
optimization has been applied.
When topology optimization is applied using the SMC prop-
erty data from Fig. 2, then the resulting structure is given in
Fig. 6 and the performance in Fig. 7. Two issues arise from
Fig. 7. The ﬁrst is that the cogging torque actually increases
during the optimization. The reason for this is the imposition of
the volume constraint on the material. The process was started
with a volume of material bigger than in the laminated version
Fig. 5. Reduction in cogging torque after optimization for the motor with a
laminated core.
Fig. 6. Topology with SMC after 16 iterations.
Fig. 7. Cogging torque performance for SMC pole.
Fig. 8. Topolgy comparison between laminated and SMC cores.
and, as the volume is reduced, the ﬂuxes increase leading to a
higher torque. The second issue is that the cogging torque is
about 5 times greater than for the laminated equivalent. One
possible cause for this is that the optimization process has at-
tempted to reduce the airgap of the motor in order to increase
the ﬂuxes.
Authorized licensed use limited to: UNIVERSITY OF SOUTHAMPTON. Downloaded on March 12, 2009 at 06:55 from IEEE Xplore.  Restrictions apply.KIM et al.: IMPLICATIONS OF THE USE OF COMPOSITE MATERIALS 1157
Fig. 9. Flux plot for laminated core—maximum B in stator is around 2.1 T.
Fig. 10. Flux plot for SMC core—maximum B in stator is around 1.3 T.
The shape difference between the two cores is shown in
Fig. 8. Note that the SMC core (the darker of the two) has a
very different structure from the lamination, particularly in the
tips of the teeth. The ﬁeld distributions in the two cores are
shown in Figs. 9 and 10. Since cogging torque occurs because
of the edges of the poles and magnets, it might be argued that
the cell-type geometric structure that has resulted from the
topology optimization artiﬁcially causes an increase in the
cogging torque. However, an experiment depicted by Fig. 11
was attempted in which the cell-based topology structure was
smoothed out by using a spline-curve function in SolidWorks
[9] and the cogging torque recomputed based on a smooth
geometry. The results showed no signiﬁcant difference.
The shape created by the topology optimization is interesting
in that the “notch” cut out of the pole might have been expected
to add to the cogging torque and thus should not have been
there;however,thevolumeconstraintispossiblyresponsiblefor
forcing the optimization process to follow a different route to
the one predicted intuitively. It is probable that, if the laminated
core had been designed using topology rather than shape opti-
mization, it would also have received a notch as the material in
the center of the pole face does not seem to be carrying a large
amount of ﬁeld.
While the test case above has failed to produce a “better”
machine in electromagnetic sense, it has nevertheless achieved
the main purpose of this paper to demonstrate the special fea-
tures of topology and shape optimization of devices built from
composite materials and has highlighted the unique design
challenges.
Fig. 11. Smoothing out the cell-based topology structure.
V. CONCLUSION
This paper has discussed the issues related to the topolog-
ical design of electromagnetic devices using composite mate-
rials. By using a CDSA approach, the possible topologies can
beexploredalmostautomatically.Ithasbeendemonstratedhow
more design ﬂexibility is available to beneﬁt from the special
features of composite materials.
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